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FRQWULEXWLQJWRVWUHQJWKRIWKHFRPSRVLWHV\VWHP>@(DFKFRUGZDVPDGHE\WZLVWLQJILYH
LQGLYLGXDOZLUHV WKUHH VWUDLJKW ILODPHQWVZUDSSHGE\ WZR ILODPHQWVDWDKLJK WZLVWDQJOHDV
VKRZQLQ)LJ7KHJHRPHWULFDODQGPHFKDQLFDOSURSHUWLHVRIWKHVLQJOHFRUGVDUHJLYHQLQ
7DEOHDVSURYLGHGE\WKHPDQXIDFWXUHUV0RUHGHWDLOVUHJDUGLQJWKHVWUHVVVWUDLQFXUYHRIWKH
FRUGVFDQEHIRXQGLQ1DSROLHWDO>@DQG6DQWLVHWDO>@
7DEOH*HRPHWULFDODQGPHFKDQLFDOSURSHUWLHVRIVLQJOHFRUGVDVSURYLGHGE\WKH
PDQXIDFWXUHU


)LJXUH6WHHOFRUGVDQGGHQVLWLHVRIWKH8+766WH[WLOHVXVHG
2QHRIWKHFULWLFDOGHVLJQSDUDPHWHUVRIWKH65*MDFNHWLQJWHFKQLTXHLVWKHGHQVLW\RIWKH
WH[WLOHV LH WKH VSDFLQJ EHWZHHQ VXFFHVVLYH FRUGV VLQFH LW VKRXOG EH GHVLJQHG WR SURYLGH
XQLQKLELWHGIORZRIWKHFHPHQWLWLRXVJURXWWKURXJKWKHVWHHOIDEULFDQGGHYHORSDGHTXDWHERQG
EHWZHHQWKHWH[WLOHDQGWKHPDWUL[>@7ZRGLIIHUHQWGHQVLWLHVDQGFRUGVFPZHUH
H[DPLQHGLQWKLVH[SHULPHQWDOVWXG\ZLWKDQHTXLYDOHQWWKLFNQHVVSHUXQLWZLGWKIRUDVLQJOH
OD\HURIVWHHOIDEULFWIHTXDOWRDQGPPUHVSHFWLYHO\7DEOH)LJ7KHD[LDO
VWLIIQHVVRIWKHWH[WLOH.I $Iā(IZKLFKLVGLUHFWO\UHODWHGWRWKHGHQVLW\RIWKHWH[WLOHZDV
FDOFXODWHG HTXDO WR  DQG  1PP IRU WKH  DQG WKH  FRUGVFP WH[WLOHV
UHVSHFWLYHO\WKHVHILJXUHVVKRXOGEHGRXEOHGIRUWKHWZROD\HUHGMDFNHWV
&RUGW\SH
&RUG
GLDPHWHU
PP
&RUG
DUHD
PP
%UHDN
ORDG1
7HQVLOH
VWUHQJWK
IIX03D
6WUDLQWRIDLOXUH
İIXPPPP
(ODVWLF
PRGXOXV(I
03D
;      



$ FRPPHUFLDO JHRPRUWDU ZLWK D FU\VWDOOLQH UHDFWLRQ JHRELQGHU EDVH DQG D YHU\ ORZ
SHWURFKHPLFDO SRO\PHU FRQWHQW DQG IUHH IURP RUJDQLF ILEUHV ZDV XVHG LQ WKLV VWXG\ 7KH
FRPSRQHQWPRUWDUZDVXWLOLVHGDVWKHVXEVWUDWHPDWHULDODSSOLHGWRWKHFRQFUHWHVXUIDFHRIWKH
VSHFLPHQVWKHERQGLQJPDWHULDOEHWZHHQWKHDSSOLHGOD\HUVRIWKHVWHHOIDEULFDQGDVDILQDO
FRYHU7KHPHFKDQLFDOSURSHUWLHVRIWKHPRUWDUDSSHDULQ7DEOH
7DEOH0HFKDQLFDOSURSHUWLHVRIWKHPRUWDUDWGD\VDVSURYLGHGE\WKHPDQXIDFWXUHU
0RUWDU

0RGXOXVRI
HODVWLFLW\
(P03D
)OH[XUDOVWUHQJWK
IPI03D
&RPSUHVVLYH
VWUHQJWK
IPF03D
$GKHVLYHERQG
IPE03D
   
65*6WUHQJWKHQLQJ
$V PHQWLRQHG DERYH QLQH 5& EHDPV IRXU IURP *URXS $ DQG ILYH IURP *URXS % ZHUH
VWUHQJWKHQHGLQWKHPPVKHDUFULWLFDOVSDQE\DSSO\LQJWKHIROORZLQJWKUHHVWUHQJWKHQLQJ
FRQILJXUDWLRQV8ZUDSSHG8ZUDSSHGZLWKPHFKDQLFDO DQFKRUDJH DQG IXOO\ZUDSSHG65*
MDFNHWVVHH7DEOH7KHWH[WLOHVRULJLQDOO\ZHUHLQUROHVRIPPZLGWKWKXVDQGSLHFHV
RI IDEULFZHUHXWLOL]HG IRU WKH VLQJOHDQGGRXEOHOD\HUHG65*MDFNHWV UHVSHFWLYHO\%HIRUH
VWDUWLQJWKHVWUHQJWKHQLQJSURFHGXUHWKHIDEULFVZHUHFXWDQGSUHEHQWLQRUGHUWRIROORZWKH
VKDSHRIWKHMDFNHW)LJ7KHHGJHVRIWKHEHDPFURVVVHFWLRQZHUHQRWURXQGHGKHQFHDW
WKHVHDUHDV WKHIDEULFVZHUHSUHEHQWDWULJKWDQJOH7KHVLGHVRIWKHEHDPVZHUHURXJKHQHG
XVLQJPHFKDQLFDOJULQGLQJWRH[SRVHWKHDJJUHJDWHVDQGWKHQZHUHFOHDQHGDQGVDWXUDWHGZLWK
ZDWHUEHIRUHSURFHHGLQJWRWKHDSSOLFDWLRQRIWKHPRUWDU)LJD6XEVHTXHQWO\WKHPRUWDUZDV
DSSOLHGLQDSSUR[LPDWHO\PPWKLFNOD\HUVPDQXDOO\ZLWKWKHKHOSRIDWURZHOGLUHFWO\RQWR
WKH ODWHUDO VXUIDFHRI WKH VSHFLPHQV )LJ E7KH WH[WLOHZDVSODFHG LPPHGLDWHO\ DIWHU WKH
DSSOLFDWLRQRIWKHFHPHQWLWLRXVPRUWDU)LJFDQGWKHPRUWDUZDVVTXHH]HGRXWEHWZHHQWKH
VWHHOILEUHVE\DSSO\LQJSUHVVXUHPDQXDOO\,QFDVHRIWKHIXOO\ZUDSSHGRQHDQGWZROD\HUHG
65* MDFNHWV DIWHU WKHDSSOLFDWLRQRI WKH IDEULF WRRQHDQG WZR IXOOF\FOHV UHVSHFWLYHO\ WKH
UHPDLQLQJOHQJWKZKLFKZDVHTXDOWRWKHZLGWKRIWKHEHDPPPZDVODSSHGRYHUWKHWRS



VXUIDFHRIWKHEHDP,WVKRXOGEHQRWHGWKDWLQWKHFDVHRIWZROD\HUHGIXOO\ZUDSSHGMDFNHWVWKH
IDEULF ZDV FRQWLQXRXV ZKLOH LQ WKH FDVH RI WZROD\HUHG 8ZUDSSHG MDFNHW HDFK OD\HU ZDV
LQGHSHQGHQW6WUDLJKWDIWHUWKHDSSOLFDWLRQRIWKHILUVWOD\HURIWKHWH[WLOHWKHQH[WOD\HURIWKH
PRUWDUFRYHUHGLWFRPSOHWHO\DQGWKHVHFRQGOD\HURIWKHIDEULFZDVDSSOLHGE\IROORZLQJWKH
SURFHGXUHGHVFULEHGDERYH$ILQDOFRDWRIWKHFHPHQWLWLRXVPRUWDUZDVDSSOLHGWRWKHH[SRVHG
VXUIDFH7KHHIIHFWRI65*MDFNHWLQJRQWKHJHRPHWULFGLPHQVLRQVRIWKHVSHFLPHQVZDVVPDOO
(DFKOD\HURI WKHPRUWDU LQFOXGLQJWKHWH[WLOHZDVDQGPPWKLFNIRU WKHRQHDQGWZR
OD\HUHG65*MDFNHWVUHVSHFWLYHO\

)LJXUH3UHSDUDWLRQRIWKH8+766WH[WLOHV
,Q WZR RI WKH EHDPV $80/ DQG %80/ VHH 7DEOH  D FXVWRPPDGH PHFKDQLFDO
DQFKRUDJHV\VWHPZDVDSSOLHGWRHQKDQFHWKHDQFKRUDJHRIWKH8ZUDSSHG65*MDFNHWVWRWKH
FRQFUHWHVXEVWUDWH7KHV\VWHPFRPSULVHGIRXUîîPPPHWDOSODWHVSODFHGRQHDFK
VLGHRIWKHEHDPZKLFKFRYHUHGWKHIXOOOHQJWKRIWKHVWUHQJWKHQHGDUHD7KHPHWDOSODWHVZHUH
GULOOHGDWWKHLUPLGKHLJKWVRWKDWLQWRWDOKROHVZHUHRSHQHGZLWKPPVSDFLQJ)LJ7KH
EHDPVZHUHGULOOHGIROORZLQJWKHVDPHSDWWHUQDQGWKHPHWDOSODWHVDWWDFKHGPPDERYHWKH
XSSHUILEUH6XEVHTXHQWO\WKHVWXGDQFKRUVZHUHLQVWDOOHGDQGSURSHUO\ZHGJHGLQWKHEHDP
KROHV$WKLQOD\HURIPRUWDUZDVDSSOLHGRQWRWKHURXJKHQHGFRQFUHWHVXEVWUDWHDQGWKHIDEULF
ZDVWKHQSDVVHGWKURXJKWKHDQFKRUVDQGZHOOVWUHWFKHGEHIRUHWKHILUVWPHWDOSODWHZDVSXWLQ
SODFH7KHIUHHHQG]RQHRIWKHIDEULFZKLFKZDVSUHEHQWZDVZUDSSHGRYHUWKHILUVWPHWDO
SODWHDQGWKHQWKHVHFRQGPHWDOSODWHZDVSXWLQSODFH7KHODVWVWDJHLQYROYHGVFUHZLQJLQWKH
PHWDOSODWHVRQHDFKVLGHRIWKHEHDPWRHQVXUHWKDWDQ\VOLGLQJRIWKHIDEULFZRXOGEHDYRLGHG
&ƵůůǇ ?ǁƌĂƉƉĞĚũĂĐŬĞƚh ?ǁƌĂƉƉĞĚũĂĐŬĞƚ &ƵůůǇ ?ǁƌĂƉƉĞĚũĂĐŬĞƚh ?ǁƌĂƉƉĞĚũĂĐŬĞƚ




)LJXUH65*MDFNHWLQJDSSOLFDWLRQVWHSV

)LJXUH3UHSDUDWLRQRIWKHPHFKDQLFDODQFKRUDJHRIWKH65*8ZUDSSHGEHDPV
7HVWVHWXSDQGH[SHULPHQWDOPHWKRGRORJ\
7KH HPSOR\HG WKUHHSRLQW EHQGLQJ VHWXS LV GHSLFWHG LQ )LJ  7KH 5& EHDP ZDV VLPSO\
VXSSRUWHGRQDSDLURIVWHHOSHGHVWDOVVHDWHGRQWKHVWURQJIORRUDQGDQFKRUHGWRJHWKHUZLWKD
SDLURIWKUHDGHGURGVLQRUGHUWRSUHYHQWWUDQVYHUVHVOLGLQJVSDQHORQJDWLRQGXHWRWKHVHFRQG
RUGHUKRUL]RQWDOUHDFWLRQVDWWKHEHDPVXSSRUWV/RDGLQJZDVYHUWLFDOO\DSSOLHGE\DN1
FDSDFLW\VLQJOHHQGHGDFWXDWRU076XVLQJDGLVSODFHPHQWFRQWUROV\VWHPH[WHUQDOO\
PHDVXUHGE\DGUDZZLUHVHQVRUSODFHGXQGHUQHDWKWKHEHDPDORQJWKHYHUWLFDOORDGLQJD[LV
D E F
G H I



7KHH[WHUQDOORDGZDVPRQRWRQLFDOO\LQFUHDVHGXSWREHDPIDLOXUHZKLFKZDVWULJJHUHGXSRQD
GURSRIWKHPD[LPXPPHDVXUHGUHDFWLRQRIWKHDFWXDWRUORDGFHOO7KHORDGZDVDSSOLHG
DWGLVSODFHPHQWUDWHPPVHF0RUHRYHUD'LJLWDO,PDJH&RUUHODWLRQ',&FRQILJXUDWLRQ
ZDVXWLOLVHGIRUFDSWXULQJWKHVWUDLQFRQWRXUVRIWKHWHVWHGEHDPV>@7KHVKHDUFULWLFDOUHJLRQ
RIHDFKEHDPWKHDUHDRILQWHUHVW$2,ZDVSDLQWHGZLWKDVSHFNOHSDWWHUQXVLQJDVSHFLDO
EUXVKDQGEODFN LQN$'6/5FDPHUDZDVSODFHGRQDWULSRGDWDGLVWDQFH IRFXVLQJRQ WKH
EHDP¶V$2,UHPRWHO\DQGDXWRPDWLFDOO\VKXWWHUHGIURPWKHPDLQDFTXLVLWLRQFRQWUROOHUDWJLYHQ
GLVSODFHPHQWLQWHUYDOVSKRWRVSHUPP)LQDOO\WKHFDSWXUHGKLJKUHVROXWLRQVSHFNOHLPDJHV
IRU HDFK VSHFLPHQ ZHUH SRVWSURFHVVHG XVLQJ D ',& VRIWZDUH WR SURGXFH VWUDLQ FRQWRXUV DW
FKDUDFWHULVWLFSRLQWVRQWKHUHVXOWLQJORDGGLVSODFHPHQWUHVSRQVHFXUYH

)LJXUH7HVWVHWXSDQGGHWDLOVRILQVWUXPHQWDWLRQ
 7HVWUHVXOWVDQGGLVFXVVLRQ
)DLOXUHPRGHV
7KHFRQWUROEHDPVRIERWK*URXSV$DQG%LH$DQG%H[KLELWHGDGLDJRQDOWHQVLRQIDLOXUH
PRGHDVREVHUYHGLQ)LJ$VLQJOHLQFOLQHGFUDFNDORQJWKHORDGLQJDQGWKHVXSSRUWSRLQWV
DSSHDUHGLQWKHVKHDUVSDQDWWKHHDUO\VWDJHVRIORDGLQJZKLFKSURJUHVVHGIXUWKHUDVWKHORDGLQJ
LQFUHDVHGOHDGLQJWRDEULWWOHVKHDUIDLOXUH




)LJXUH)DLOXUHPRGHRIWKHFRQWUROVSHFLPHQV
7KHGLIIHUHQW65*MDFNHWLQJVFKHPHVDSSOLHGWRWKHVKHDUFULWLFDOEHDPVRI*URXS$OHGWR
IOH[XUDO IDLOXUHRI WKH VWUHQJWKHQHGEHDPV )LJ 7KH LQWHUQDOERWWRP VWHHO UHLQIRUFHPHQW
UHDFKHG\LHOGLQJDQGWKHEHDPVIDLOHGLQDGXFWLOHPDQQHUZKLOHIOH[XUDOFUDFNVIRUPHGRQERWK
VLGHV RI WKH DSSOLHG SRLQW ORDG )LJ  $SDUW IURP WKH FUDFNV GHYHORSHG DORQJ WKH EHDP
WUDQVYHUVHGLUHFWLRQWKDWFRLQFLGHGZLWKWKHJDSEHWZHHQVXFFHVVLYHFRUGVWKHWH[WLOHGLGQRW
VKRZDQ\IXUWKHUGDPDJH

)LJXUH)DLOXUHPRGHVRIWKH65*VWUHQJWKHQHGVSHFLPHQVRI*URXS$
7KH8ZUDSSHG65*VWUHQJWKHQHGEHDPVRI*URXS%%8/DQG%/87DEOHERWKIDLOHG
LQVKHDU)LJ7KHJHQHUDOPRGHRIIDLOXUHREVHUYHGZDVWKHGHWDFKPHQWRIWKHFRPSRVLWH
V\VWHP DW WKH LQWHUIDFH EHWZHHQ WKH 8+766 WH[WLOH DQG WKH PRUWDU DQGRU DW WKH LQWHUIDFH
EHWZHHQWKHPRUWDUDQGWKHFRQFUHWHVXEVWUDWHZLWKGDPDJHRIWKHH[WHUQDOIDFHRIWKHFRQFUHWH
FRYHU
%$
$8+
$80/
$)/ $)+



7KHEHDPZLWKWKHVLQJOHOD\HUHG8ZUDSSHG65*MDFNHW%8/7DEOHIDLOHGVXGGHQO\
ZKHQWKHWH[WLOHEHWZHHQWKHPLGSRLQWRIWKHVKHDUFULWLFDOUHJLRQDQGWKHORDGLQJSRLQWZDV
GHWDFKHG7KHVWDWHRIWKHFULWLFDOUHJLRQRIWKHEHDPDWWKHHQGRIWKHWHVWDQGDIWHUH[SRVLQJ
WKHVXEVWUDWHLVVKRZQLQ)LJVDDQGEUHVSHFWLYHO\,WLVREVHUYHGWKDWRQO\DVLQJOHVKHDU
FUDFNIRUPHGKDYLQJWKHVDPHLQFOLQDWLRQDVWKDWLQWKHRULJLQDOEHDP%VHH)LJ,QFDVH
RI WKH WZROD\HUHG8ZUDSSHG65*MDFNHWHGEHDP%8/7DEOH WKHGHWDFKPHQWRI WKH
FRPSRVLWHV\VWHPRFFXUUHGDWWZRVWDJHV)LUVWSDUWRIWKHWH[WLOHSODFHGEHWZHHQWKHVXSSRUW
DQGWKHPLGSRLQWRIWKHFULWLFDOUHJLRQZDVGHWDFKHG7KHEHDPFRQWLQXHGWRFDUU\ORDGDQGDW
DODWHUVWDJHWKHWH[WLOHEHWZHHQWKHPLGSRLQWRIWKHFULWLFDOVSDQDQGWKHORDGLQJSRLQWZDV
GHWDFKHG)LJFVKRZVWKH%8/EHDPDWWKHHQGRIWKHWHVW$JDLQDVVKRZQLQ)LJGRQH
VLQJOHFUDFNIRUPHGZLWKWKHVDPHLQFOLQDWLRQDVWKHFUDFNLQWKHRULJLQDOEHDP%VHH)LJ

)LJXUH)DLOXUHPRGHVRIWKH8ZUDSSHG65*EHDPVRI*URXS%LQWKHVKHDUFULWLFDO
VSDQ

$IWHU WKH ILUVW VWDJHV RI ORDGLQJ RI WKH 8ZUDSSHG EHDP ZLWK WKH PHFKDQLFDO DQFKRUDJH
%80/7DEOHDQLQFOLQHGFUDFNIRUPHGRQWKHMDFNHWVXUIDFHEHORZWKHPHWDOSODWHDV
%8/
%80/ %80/
%8/
%8/%8/
E
GF
IH
D



VKRZQ LQ)LJH7KHH[LVWLQJFUDFNEHFDPHZLGHUDV WKH ORDG LQFUHDVHG6RRQHQRXJK WKH
WH[WLOHGHWDFKHGE\IRUPLQJDQHZKRUL]RQWDOFUDFNDORQJWKHERWWRPVLGHRIWKHPHWDOSODWHDQG
KHDGHGWRZDUGVWKHORDGLQJSRLQW)LJH7KHWHVWZDVWHUPLQDWHGZKHQWKHLQFOLQHGFUDFN
SURSDJDWHG WRZDUGV WKH ORDGLQJSRLQWSDVVHG WKURXJKRQHRI WKHVWXGDQFKRUV)LJI7KH
UHPRYDO RI WKH MDFNHW DQG WKH PHWDO SODWHV UHYHDOHG WKDW WKH GRPLQDQW PRGHRI IDLOXUH ZDV
GLDJRQDO WHQVLRQIDLOXUH )LJIDVDOVRREVHUYHG LQ WKHRWKHU8ZUDSSHGEHDPV7KH65*
MDFNHWUHPDLQHGLQWDFWDQGQRGDPDJHZDVYLVLEOHLQWKHPHFKDQLFDODQFKRUDJHV\VWHP

)LJXUH)DLOXUHPRGHVRIWKHIXOO\ZUDSSHG65*EHDPVRI*URXS%LQWKHVKHDUFULWLFDO
VSDQ

7KHIXOO\ZUDSSHG65*EHDPV%)/DQG%)/7DEOHEHKDYHGLQDPRUHGXFWLOHPDQQHU
FRPSDUHG WR WKH8ZUDSSHGDQG WKHRULJLQDOEHDPV ,QFDVHRI%)/EHDPDVKHDUIOH[XUH
FUDFNIRUPHGRQWKHMDFNHWVXUIDFHZLWKLQWKHFULWLFDOUHJLRQDWWKHLQLWLDOVWDJHRIORDGLQJ$V
WKH ORDG LQFUHDVHGGDPDJH ORFDOL]HGZLWKLQ WKH LQFOLQHGDUHDERXQGHG EHWZHHQ WKH ORDGLQJ
SRLQWDQGDPPGLVWDQFHIURPWKHVXSSRUWXQWLOWKHH[WHUQDOVXUIDFHRIWKH65*MDFNHWZDV
KHDYLO\FUDFNHG)LJD$WWKLVVWDJHWKHEHDPFRXOGQRWVXVWDLQDQ\DGGLWLRQDOORDGEXWLW
FRQWLQXHG WR GHIRUP GXH WR SDVVLYH FRQILQHPHQW SURYLGHG E\ WKH 65* MDFNHW 7KH EHDP
H[KLELWHGDGXFWLOHEHKDYLRXUXSWRWKHSRLQWZKHUHJUDGXDOUXSWXUHRIWKHFRUGVLQLWLDWHGDWWKH
XSSHUDQGERWWRPVKDUSHGJHVRQERWKEHDPIDFHV7KHEHDPIDLOHGGXHWRGHERQGLQJRIWKH
WH[WLOHLQWKHDQFKRUDJHUHJLRQLHWKHUHJLRQZKHUHWKHHQGRIWKHIDEULFRYHUODSSHGZLWKWKH
ED
GF
%)/ %)/
%)/ %)/



EHJLQQLQJRIWKHWH[WLOHQH[WWRWKHDSSOLHGSRLQWORDG7KHFUDFNLQJSDWWHUQRIEHDP%)/ZDV
GLIIHUHQWIURPWKDWRIWKH8ZUDSSHGEHDPVDQGPRUHIOH[XUHVKHDUFUDFNVZHUHREVHUYHGDV
VKRZQLQ)LJE6LPLODUWRWKHSUHYLRXVFDVHEHDP%)/IDLOHGLQDGXFWLOHPDQQHUZLWKWKH
LQWHUQDOWHQVLOHVWHHOUHLQIRUFHPHQWUHDFKLQJ\LHOGLQJ$WWKHLQLWLDOVWDJHRIORDGLQJWKHILUVW
IOH[XUDOFUDFNDSSHDUHGLQWKHPLGGOHRIWKH65*MDFNHWHGVKHDUVSDQ6XEVHTXHQWO\WZRPRUH
IOH[XUDOFUDFNVDSSHDUHGLQWKHRSSRVLWHVLGHRIWKHFULWLFDOVKHDUVSDQLHWKHXQVWUHQJWKHQHG
VLGHRIWKHEHDPQH[WWRWKHDSSOLHGSRLQWORDG$VWKHORDGLQFUHDVHGQRDGGLWLRQDOIOH[XUDO
FUDFNVZHUHGHYHORSHGZKHUHDVWKHH[LVWLQJRQHVEHFDPHZLGHU7KHFRQILQHPHQWSURYLGHGE\
WZROD\HUHG65*MDFNHWVFRXOGVLJQLILFDQWO\LQFUHDVHWKHGHIOHFWLRQFDSDFLW\RIWKHEHDPDQG
WKHUHIRUHWKHEHDPPDQDJHGWRVXVWDLQWKHORDGDSSOLHGDIWHU\LHOGLQJ7KHUXSWXUHRIWKHFRUGV
RFFXUUHGJUDGXDOO\DQGLWZDVPDLQO\FRQFHQWUDWHGEHWZHHQWKHPLGSRLQWRIWKHVKHDUVSDQ
DQGWKHSRLQWDWZKLFKWKHORDGDSSOLHG7KHEHDPILQDOO\IDLOHGZKHQWKHIUHHHQG]RQHRIWKH
WH[WLOHZDVGHWDFKHG IURP WKHDQFKRUDJHUHJLRQQH[W WR WKHDSSOLHGSRLQW ORDG7KHIOH[XUDO
FUDFNVGHYHORSHGLQWKHFULWLFDOVKHDUVSDQDUHVKRZQLQ)LJG
7KHHYROXWLRQRIGDPDJHLQWKH65*MDFNHWHGEHDPVRI*URXS%ZDVLQIOXHQFHGE\WKH65*
MDFNHWFRQILJXUDWLRQDSSOLHGDVVKRZQLQ)LJ$OWKRXJKWKH8ZUDSSHG65*MDFNHWVFRXOG
QRWSUHYHQWVKHDU IDLOXUH WKLVZDVGHOD\HGXQWLOKLJKHU OHYHOVRI ORDGLQJ ,W LVREVHUYHG WKDW
VLPLODUWRWKHFRQWUROEHDP%DVLQJOHLQFOLQHGFUDFNZDVDSSHDUHGLQWKH8ZUDSSHGEHDPV
%8/%8/%80/7KHUHVSRQVHRIWKH65*MDFNHWHGEHDPVZDVLPSURYHGVXEVWDQWLDOO\
ZKHQ65*FORVHGW\SHMDFNHWVLHIXOO\ZUDSSHGZHUHDSSOLHG7KHFRQILQHPHQWSURYLGHGE\
WKHRQHOD\HUHGIXOO\ZUDSSHGMDFNHW%)/OHGWRDGXFWLOHEHKDYLRXUXSRQVKHDUIDLOXUHZLWK
WKH SUHVHQFH RI D PXOWLSOH VKHDU±IOH[XUH FUDFNLQJ SDWWHUQ )LJ  7KH WZROD\HUHG IXOO\
ZUDSSHG 65* MDFNHW %)/ LPSURYHG VXEVWDQWLDOO\ WKH UHVSRQVH RI WKH RULJLQDO EHDP E\
DOOHYLDWLQJ WKH GHILFLHQFLHV UHODWHG WR ROG W\SH GHWDLOLQJ 7KH 65* MDFNHWHG EHDP IDLOHG LQ
IOH[XUHZLWKIOH[XUDOFUDFNVIRUPHGQHDUWKHDSSOLHGSRLQWORDG




)LJXUH&UDFNSDWWHUQVDWIDLOXUHLQ*URXS%EHDPV
/RDGGHIOHFWLRQFXUYHV
7KHORDGGHIOHFWLRQUHVSRQVHFXUYHVRI*URXS$DQG%VSHFLPHQVDUHSUHVHQWHGLQ)LJ$
VXPPDU\RIWKHWHVWUHVXOWVLVDOVRSURYLGHGLQ7DEOH7KHNH\SHUIRUPDQFHSDUDPHWHUVLQFOXGH
WKHSHDNORDG3PD[DQGWKHFRUUHVSRQGLQJGHIOHFWLRQįPD[WKHXOWLPDWHORDGDWDGURS
RI WKH SHDN ORDG 3X DQG WKH FRUUHVSRQGLQJ GHIOHFWLRQ įX DQG ILQDOO\ WKH GLVSODFHPHQW
GXFWLOLW\ȝį,QFDVHWKDWQRGHVFHQGLQJEUDQFKDSSHDUVLQWKHORDG±GHIOHFWLRQFXUYHWKHODVW
SRLQWRIWKHFXUYHLVFRQVLGHUHGDVWKHXOWLPDWHGHIOHFWLRQįX7KHGLVSODFHPHQWGXFWLOLW\ZDV
GHILQHGDIWHULGHDOL]LQJWKHH[SHULPHQWDOORDG±GHIOHFWLRQFXUYHE\DELOLQHDUFXUYHDFFRUGLQJWR
WKHUHFRPPHQGDWLRQVRI$6&(6(,6WDQGDUGUHFRPPHQGDWLRQV>@
,Q JHQHUDO WKH UHVXOWV LQGLFDWH WKDW WKH 65* VKHDU VWUHQJWKHQLQJ LQWHUYHQWLRQ FRXOG
FRQVLGHUDEO\LPSURYHWKHVWUHQJWKDQGGHIRUPDWLRQFDSDFLW\RIWKHFRQWUROEHDPV7KHGLIIHUHQW
MDFNHW FRQILJXUDWLRQV DSSOLHG LQ *URXS $ EHDPV VKRZHG WKH VDPH OHYHO RI HIILFLHQF\ LQ
PRGLI\LQJ WKHVWUXFWXUDO UHVSRQVHIURPEULWWOH WRGXFWLOH )LJD7KHVWUHQJWK LQFUHDVHDW
SHDNORDGYDULHGEHWZHHQWRZKHUHDVWKHGLVSODFHPHQWGXFWLOLW\UDQJHGEHWZHHQ
WR7DEOH7KHORZHVWLQFUHDVHLQWKHVWUHQJWKDQGGLVSODFHPHQWGXFWLOLW\OHYHOVZDV
%
%8/
%80/
%)/%8/
%)/



REVHUYHGIRUWKHKLJKGHQVLW\8DQGIXOO\ZUDSSHG65*MDFNHWV$8+DQG$)+7KLVLV
EHFDXVHZKHQGHQVHWH[WLOHVDUHXVHGLQ65*DSSOLFDWLRQVDVIRUH[DPSOHWKHFRUGVFP
GHQVLW\WH[WLOHWKHVPDOOJDSVEHWZHHQWKHFRUGVLPSRVHGLIILFXOWLHVLQWKHSHQHWUDWLRQRIWKH
PRUWDU+HQFH WKHIDFW WKDW WKHFRUGVDUHQRWZHOOHPEHGGHGLQWKHPRUWDUUHQGHUV WKH65*
V\VWHPOHVVHIILFLHQW$VLPLODUREVHUYDWLRQZDVUHSRUWHGE\7KHUPRXHWDO>@IRUUHWURILWWLQJ
RI5&FROXPQVXVLQJ65*MDFNHWLQJ7KHPDLQFRQFOXVLRQGUDZQIURP*URXS$EHDPVLVWKDW
LQ FDVH RI OLJKWO\ UHLQIRUFHG 5& EHDPV ȡO    ZKLFK DUH UHSUHVHQWDWLYH RI WKH ROG
FRQVWUXFWLRQSUDFWLFHLQVRXWKHUQ(XURSHWKHORZHUGHQVLW\FRUGVFP8ZUDSSHGMDFNHWV
FDQEHYHU\ HIIHFWLYH LQSUHYHQWLQJVKHDU IDLOXUHDQGPRGLI\LQJ WKHUHVSRQVH IURPEULWWOH WR
GXFWLOH
7KHHIIHFWRIWKHW\SHRIWKH65*MDFNHWRQWKHORDG±GHIOHFWLRQUHVSRQVHRI*URXS%EHDPV
LVVKRZQLQ)LJE7KHFRQWUROEHDP%IDLOHGE\GLDJRQDOWHQVLRQIDLOXUHDWDSHDNORDGRI
N17DEOH7KHVLQJOHDQGGRXEOHGOD\HUHG8ZUDSSHGEHDPV%8/%8/DVZHOO
DVWKHVLQJOHOD\HUHG8ZUDSSHGEHDPZLWKWKHPHFKDQLFDODQFKRUDJH%80/IDLOHGLQVKHDU
DWSHDNORDGVRIDQGN1UHVSHFWLYHO\7DEOH7KHLQFUHDVHLQWKHVWUHQJWK
RI%8/%8/DQG%80/EHDPVFRPSDUHGWRWKHFRQWUROEHDP%DWSHDNORDGZDV
DQGUHVSHFWLYHO\7KHGHIOHFWLRQLQFUHDVHDWXOWLPDWHORDGZDVDQGIRU
%8/%8/DQG%80/EHDPVUHVSHFWLYHO\$VREVHUYHGWKH8ZUDSSHG65*MDFNHWZLWK
WKHPHFKDQLFDODQFKRUDJH%80/H[KLELWHGWKHKLJKHVWORDGDQGGHIOHFWLRQLQFUHDVHDPRQJVW
WKH8ZUDSSHGMDFNHWV7KLVLVPDLQO\DWWULEXWHGWRWKHSUHVHQFHRIWKHPHFKDQLFDODQFKRUDJH
ZKLFKNHSWWKHMDFNHWLQSODFHIRUDKLJKHUVXVWDLQHGORDGFRPSDUHGWRWKHRWKHUWZR8ZUDSSHG
65*MDFNHWVLH%8/%8/DQGWKXVFRQWULEXWHGIXUWKHUWRWKHUHVLVWDQFHRIWKHEHDP,W
FDQEHQRWHGWKDWWKHVLQJOHOD\HUHGIXOO\ZUDSSHG65*MDFNHW%)/UHDFKHGWKHVDPHSHDN
ORDGDVWKHVLQJOHOD\HUHG8ZUDSSHG65*MDFNHWZLWKWKHPHFKDQLFDODQFKRUDJH%80/EXW
SUHVHQWHGDPRUHGXFWLOHSRVWSHDNORDGGHIOHFWLRQUHVSRQVH7KHIXOO\ZUDSSHGMDFNHWHGEHDP



GHIRUPHGXSWRPPGHIOHFWLRQDWXOWLPDWHORDGZKLFKLPSOLHVWKDWLQFUHDVHLQWKH
GHIOHFWLRQFDSDFLW\RUGHIRUPDELOLW\ZDVDFKLHYHGFRPSDUHGWRWKHFRQWUROEHDPEHIRUHIDLOLQJ
GXHWRGHERQGLQJRIWKHWH[WLOHLQWKHDQFKRUDJHUHJLRQ7KHGLVSODFHPHQWGXFWLOLW\IRU%)/
EHDPZDVHVWLPDWHGHTXDOWR8VLQJWZROD\HUHGIXOO\ZUDSSHG65*MDFNHWVLQ%)/EHDP
FRXOGVXEVWDQWLDOO\LQFUHDVHWKHVKHDUVWUHQJWKDOORZLQJIOH[XUDOIDLOXUHWRRFFXU7KHSHDNORDG
LQWKLVFDVHZDVN1ZKLFKFRUUHVSRQGVWRDOPRVWLQFUHDVHZKHQFRPSDUHGWRWKH
FRQWUROEHDP%7KHVHFRQGOD\HURIIXOOMDFNHWLQFUHDVHGWKHGHIOHFWLRQDWXOWLPDWHWR
PP 7KH GLVSODFHPHQW GXFWLOLW\ ZDV HVWLPDWHG HTXDO WR  ZKLFK LV UDWKHU VDWLVI\LQJ
FRQVLGHULQJWKHLQKHUHQWGHILFLHQF\RIWKHEHDP
&RPSDULVRQ EHWZHHQ WKH UHVXOWV IRU %/) DQG %/) EHDPV VKRZV WKDW LQFUHDVLQJ WKH
QXPEHURI65*OD\HUVKDGD OLPLWHGHIIHFW DURXQGRQ WKHGXFWLOLW\RI WKHVSHFLPHQV
ZKLOH LW FRXOG FRQVLGHUDEO\ LQFUHDVH WKH PD[LPXP VWUHQJWK DQG GHIOHFWLRQ FDSDFLW\ RI WKH
VSHFLPHQV XS WR  7KH UHVXOWV LQ 7DEOH  DOVR LQGLFDWH WKDW 65* MDFNHWLQJ ZDV PRUH
HIILFLHQW LQ LQFUHDVLQJ WKH GHIRUPDWLRQ FDSDFLW\ DQG GXFWLOLW\ RI WKH EHDPV ZLWK ORZHU
ORQJLWXGLQDO UHLQIRUFHPHQW UDWLR LH *URXS $ +RZHYHU WKH HIIHFW RI 65* MDFNHWLQJ RQ
LPSURYLQJ WKHPD[LPXPVWUHQJWKZDVPRUHSURQRXQFHG IRU WKHEHDPHOHPHQWVZLWKKLJKHU
ORQJLWXGLQDOUHLQIRUFHPHQWUDWLRLH*URXS%

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)LJXUH/RDGGHIOHFWLRQFXUYHVIRUD*URXS$E*URXS%EHDPV
7DEOH6XPPDU\RIWHVWUHVXOWV
*URXS 1DPH 3PD[N1
3X
N1
įPD[
PP
įX
PP
6WUHQJWK
LQFUHDVHDW
SHDN
'HIOHFWLRQ
LQFUHDVHDW
XOWLPDWH

'XFWLOLW\
ȝį )DLOXUHPRGH
*U
RXS
$
$        6KHDU
$8+        )OH[XUDO
$80/        )OH[XUDO
$)/        )OH[XUDO
$)+        )OH[XUDO
*U
RXS
%
%        6KHDU
%8/        6KHDU
%8/        6KHDU
%80/        6KHDU
%)/        6KHDU)OH[XUDO
%)/        )OH[XUDO


(YROXWLRQRIGDPDJHEDVHGRQ'LJLWDO,PDJH&RUUHODWLRQ
$VGHVFULEHGSUHYLRXVO\WKHDGGLWLRQDOPHDVXUHPHQWWHFKQLTXHRI'LJLWDO,PDJH&RUUHODWLRQ
',&ZDVDSSOLHGRQDOOVSHFLPHQVE\SDLQWLQJDVSHFNOHSDWWHUQRQWKHVKHDUFULWLFDOUHJLRQ
DUHDRILQWHUHVW±$2,RIHDFKEHDP'XULQJWHVWLQJD'6/5FDPHUDFDSWXUHGKLJKUHVROXWLRQ
LPDJHVRIWKH$2,DWJLYHQGLVSODFHPHQWLQWHUYDOVDQGWKHVHLPDJHVZHUHSRVWSURFHVVHGIRU
SURGXFLQJVWUDLQFRQWRXUVDWSUHVHOHFWHGFKDUDFWHULVWLFSRLQWVRQWKHORDGGLVSODFHPHQWUHVSRQVH
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FXUYH7KHFKDUDFWHULVWLFSRLQWVZHUHVHOHFWHGWRUHSUHVHQWDQGRIWKHSHDN
ORDGDVFHQGLQJEUDQFKDVZHOODVGURSRISHDNORDGLQWKHGHVFHQGLQJEUDQFKVHH)LJ
7KHUHVXOWVZHUHXVHGWRGHPRQVWUDWHWKHHYROXWLRQRIGDPDJHRQWKH$2,VXUIDFHLQWHUPV
RIKRUL]RQWDOİ[DQGYHUWLFDOİ\VWUDLQGLVWULEXWLRQ
)LJXUHVKRZVWKHVWUDLQHYROXWLRQRIWKHFRQWUROVSHFLPHQ%,WLVREVHUYHGWKDWPLQRU
IOH[XUDOFUDFNVVWDUWHGWRGHYHORSRQWKHERWWRPHGJHRIWKHEHDPXSWRWKHDWWDLQPHQWRIWKH
SHDNORDGZKHQWKHORFDOL]HGGLDJRQDOVKHDUFUDFNZDVIRUPHG$WWKDWSRLQWWKHORQJLWXGLQDO
VWUDLQİ[UHDFKHGDERXWÅVXEVWDQWLDOO\ORZHUWKDQWKHUHLQIRUFHPHQW\LHOGLQJSRLQWDERXW
Å,WLVQRWDEOHWKDWDVHFRQGVKHDUFUDFNDOVRVWDUWHGWRGHYHORSSDUDOOHOWRWKHPDMRURQH
KRZHYHU LW FRXOGQRW IXOO\ IRUPGXH WR WKHEULWWOH VKHDU IDLOXUH QRGHVFHQGLQJEUDQFK ZDV
FDSWXUHG LQ WKLV FDVH ,W ZDV FRQILUPHG WKDW WKH EHKDYLRXU RI WKH FRQWURO EHDP % IXOO\
FRUUHVSRQGVWRWKHW\SLFDOWH[WERRNVKHDUIDLOXUHW\SH
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FRQWULEXWLRQVIURPFRQFUHWH9F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DVVXPLQJDFUDFNSDWWHUQWKHVKHDUIRUFHVXVWDLQHGE\WKH65*FDQEHFDOFXODWHGDV
   FRW FRW VLQ        65* I Z I I HII I9 Q E K (U H T D D 
ZKHUHQLVWKHQXPEHURIWH[WLOHOD\HUVDSSOLHGȡI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LVWKHHODVWLFPRGXOXVRIWKHWH[WLOHDQGȡILVWKHZHEUHLQIRUFHPHQWUDWLRIRUDVLQJOH65*OD\HU
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ZKHUHEZLVWKHZLGWKRIWKHFURVVVHFWLRQGLVWKHGHSWKRIWKHFURVVVHFWLRQIFLVWKHFRQFUHWH
FRPSUHVVLYHVWUHQJWK H[S65*9 DQG 65*9 FRUUHVSRQGWRWKHH[SHULPHQWDODQGDQDO\WLFDOYDOXHVRI
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$QH[SHULPHQWDOVWXG\ZDVFDUULHGRXWWRLQYHVWLJDWHWKHHIIHFWLYHQHVVRI65*MDFNHWLQJDVD
UHODWLYHO\QHZFRPSRVLWHV\VWHPIRUVWUHQJWKHQLQJVKHDUGHILFLHQW5&EHDPV(OHYHQWZRVSDQ
5&EHDPVZHUHFRQVWUXFWHGDQGFODVVLILHGLQWRWZRJURXSVDFFRUGLQJWRWKHDUUDQJHPHQWRIWKH
LQWHUQDOUHLQIRUFHPHQW7ZRRIWKHEHDPVVHUYHGDVFRQWUROVSHFLPHQVZKHUHDVWKHUHVWZHUH
VWUHQJWKHQHGZLWKRQHRUWZROD\HUHG8ZUDSSHG8ZUDSSHGZLWKPHFKDQLFDODQFKRUDJHDQG
IXOO\ZUDSSHG65*MDFNHWV$SDUWIURPWKHMDFNHWFRQILJXUDWLRQSDUDPHWHUVRIVWXG\ZHUHWKH
GHQVLW\RIWKHIDEULFDQGWKHQXPEHURIOD\HUV'LJLWDO,PDJH&RUUHODWLRQ',&ZDVDSSOLHGRQ
DOO VSHFLPHQV WR SURGXFH VWUDLQ FRQWRXUV DW VHYHUDO FKDUDFWHULVWLF SRLQWV RQ WKH ORDG
GLVSODFHPHQWUHVSRQVHFXUYH7KHVWUDLQHYROXWLRQZLWKLQWKHFULWLFDOVSDQDQGWKHFUDFNSDWWHUQV
ZHUHDQDO\VHGZKLOHWKHUXSWXUHRIWKHVWHHOFRUGVZDVYHULILHGE\WKHVWUDLQVGLIIXVLRQREVHUYHG
LQWKHORQJLWXGLQDOGLUHFWLRQ7KHPDLQFRQFOXVLRQVGUDZQIURPWKLVVWXG\DUHVXPPDUL]HGDV
IROORZV
 7KHGLIIHUHQWW\SHVRI65*MDFNHWVDSSOLHGWRWKHOLJKWO\UHLQIRUFHG*URXS$EHDPVȡO 
FRXOGLQFUHDVHWKHSHDNORDGFDSDFLW\DQGGLVSODFHPHQWGXFWLOLW\E\XSWRDQG
 UHVSHFWLYHO\ ,Q DOO FDVHV WKH VKHDU IDLOXUH ZDV SUHYHQWHG DQG WKH UHVSRQVH ZDV
PRGLILHGIURPEULWWOHWRGXFWLOH
 7KH8ZUDSSHG65*EHDPVRI*URXS%ȡO IDLOHGLQVKHDUGXHWRGHWDFKPHQWRI
WKH FRPSRVLWH V\VWHP LQ WKH VKHDUFULWLFDO UHJLRQ 7KH XVH RI WKH VXJJHVWHG PHFKDQLFDO
DQFKRUDJHV\VWHPFRXOGNHHSWKH65*MDFNHWLQSODFHIRUDKLJKHUVXVWDLQHGORDGFRPSDUHG
WRWKH8ZUDSSHG65*EHDPV7KHDYHUDJHVWUHQJWKDQGGHIOHFWLRQFDSDFLW\LQFUHDVHRIWKH
8ZUDSSHGEHDPVFRPSDUHGWRWKHFRQWUROEHDPZDVDQGUHVSHFWLYHO\
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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3DSDQLNRODRX>@PRGHOZKHQUXSWXUHDQGGHERQGLQJDUHWKHDQWLFLSDWHGPRGHVRIIDLOXUH
 %DVHG RQ WKH H[SHULPHQWDO GDWD RI FXUUHQW VWXG\ QHZ H[SUHVVLRQV ZHUH GHYHORSHG IRU
HVWLPDWLQJ WKH HIIHFWLYH VWUDLQ RI WKH 65* MDFNHW XVLQJ GLIIHUHQW MDFNHWLQJ V\VWHPV DV D
IXQFWLRQ RI WKH D[LDO ULJLGLW\ RI WKH 65* WH[WLOH +RZHYHU PRUH H[SHULPHQWDO GDWD DUH
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